Industrial hemp (Cannabis sativa L
2012). Although industrial hemp production in Canada has been reauthorized >15 years ago, recommendations regarding best field management practices remain scarce, especially for Eastern Canada, most research and production occurring in Western Canada (AAFC, 2007) .
A positive response of industrial hemp to nitrogen (N) fertilization has been reported in Western Canada (Vera et al., 2004 (Vera et al., , 2010 . Increasing N fertilization rate positively impacts hemp biomass yield, plant height, and seed yield. Optimal N fertilization levels were reported to be between 100 and 150 kg N ha -1
. Although phosphorus (P) application was reported to increase plant height under certain growing conditions, its effects on hemp biomass and seed yields were inconsistent and often not significant (Vera et al., 2004 (Vera et al., , 2010 . Very few trials evaluating potassium (K) fertilization of industrial hemp have been conducted, and no effect of K on hemp biomass yield has been reported so far (Finnan and Burke, 2013) .
Despite the growing interest generated by hemp production in Eastern Canada, agronomical recommendations for this region remain scarce. There is thus a need to locally establish optimal agronomic practices for industrial hemp production to optimize biomass and seed yields; such recommendations would also serve several regions of the northeastern United States should industrial hemp production become legalized. The present study reports on the effects of N, P, and K fertilization on biomass and seed yields and composition of two industrial hemp cultivars, CRS-1 and Anka, in multiple environments in the province of Québec, Canada.
EXPERIMENTAL SITES AND TREATMENTS
Experiments were conducted at three sites in Québec, Canada, in 2012 and . The sites were located in Sainte-Anne-de-Bellevue (SAB: 45°26¢ N, 73°55¢ W; 2950 corn heat units [CHU] ), Lanoraie (LAN: 45°58¢ N, 73°12¢ W; 2850 CHU), and Saint-Augustin-de-Desmaures (SAD: 46°43¢ N, 71°30¢ W; 2400 CHU). The total number of environments depended on the element evaluated, N, P, and K experiments being conducted separately. The N experiment was conducted in four environments (LAN and SAB in 2012, and SAB and SAD in 2013) , the P experiment in three environments (LAN, SAB, and SAD in 2013) , and the K experiment in two environments (SAB in 2012 and . The soil type was a Chicot light sandy loam (Gleysol Melanic Brunisol) at SAB in 2012 and 2013, a sand (Brunisol) at LAN in 2012 and 2013, and a sandy loam (Orthic Gleysol) for the N trial but a loam (Gleysol) for the P trial at SAD. Soil characteristics and fertility levels prior experimentation are presented in Table 1 .
In each experiment, two industrial hemp cultivars approved for production in Canada were evaluated: Anka (a monoecious, late-maturing, dual-use cultivar [i.e., seed and fiber]) and CRS-1 (a dioecious, early-maturing, predominantly seed cultivar). Seeding was done in late May or early June at a rate of 43 kg ha -1 of pure live seeds. At SAB and SAD, plots were seeded at a 1-cm depth using a cereal seeder with a 18-cm row spacing. The area seeded varied among sites but averaged 7.5 m 2 . At LAN, plots were seeded using a precision garden seeder. Fertilization levels of 0, 50, 100, 150, and 200 kg N ha -1 , applied as calcium ammonium nitrate, were evaluated in the N experiment. Rates of 0, 25, 50, 75, and 100 kg P ha -1 , applied as triple superphosphate, were evaluated in the P experiment. Rates of 0, 50, 100, 150, and 200 kg K ha -1 , applied as muriate of potash (potassium chloride), were evaluated in the K experiment. Fertilizers were manually applied and incorporated into the soil the same day using rakes. Based on soil tests conducted at each site (Table 1) before the experimentation and following general recommendations for hemp production in other parts of Canada (Stanford, 1998; BCMAF, 1999; Mooleki et al., 2006; Baxter and Scheifele, 2000) , in some environments P was applied in the K experiment, and K in the P experiment. Similarly, N was added at a rate of 110 kg N ha -1 to plots in P and K experiments. Weeding control was manually done as needed throughout the growing season.
FIELD DATA COLLECTION
Plant density was determined at the 4-leaf stage of development by counting plants along 1 m in two nonborder rows per plot. The average height of 10 randomly selected plants per plot was measured at harvest. Plants were harvested at maturity (late August to early September), and the harvested area varied among sites but averaged 3 m 2 . Only the middle rows of plots were harvested to avoid potential border effects. At harvest, plants were manually cut at approximately 2 cm from the ground. Following harvest, whole plants were dried at 55°C for 48 to 72 h and then weighed to determine total dry matter (DM) yield. Whole plants were then threshed using a stationary combine to separate seeds from the rest of the total biomass. Biomass DM yield, composed mostly of stems, was calculated by subtracting seed DM yield from total DM yield, and the seed harvest index was determined as the seed DM yield divided by the total DM yield. Plants were sampled during the growing season to assess their delta-9-tetrahydrocannabinol (THC) concentration. Analyses were performed by a governmental accredited laboratory (RPC, NB, Canada) following Health Canada guidelines. The THC concentrations observed throughout the study were below the authorized limit of 0.3% set by Health Canada (data not shown).
DETERMINATION OF BIOMASS FIBER COMPOSITION
For each plot, a composite sample of hemp biomass of approximately 500 g was ground through a 1-mm screen using a Wiley mill (Standard Model 3; Arthur H. Thomas Co., Philadelphia, PA). All ground samples were scanned by near-infrared reflectance spectroscopy (NIRS) using a NIRSystem 6500 monochromator (Foss, Silver Spring, MD) . From the resulting spectra, 74 samples were selected using the WinISI III software (Infrasoft International LLC, State College, PA) for chemical analysis to provide reference values for the development of calibration equations. Neutral detergent fiber (NDF) was analyzed following Mertens (2002) with addition of heat-stable a-amylase, acid detergent fiber (ADF) was determined according to AOAC (1990) , and acid detergent lignin (ADL) was quantified according to Robertson and Van Soest (1981) in the 74 biomass samples. These fiber extractions were done using the Ankom fiber bag technique (Ankom Technology Corp., Fairport, NY). Dry matter concentration of samples was determined with the oven method at 105°C (AOAC, 1990) . The cellulose concentration in these 74 biomass samples was calculated as the difference between ADF and ADL concentrations. The NIRS calibration equations were developed as described above and used to predict NDF, ADF, and cellulose concentrations of the entire population of biomass samples. The NIRS predictions for NDF and cellulose concentrations were considered moderately successful with a ratio of prediction to deviation (RPD) of 2.33 and 2.43, respectively, whereas the NIRS prediction of ADF concentration was considered moderately useful with an RPD of 2.17 (RPD = standard deviation of the reference data used in the validation set divided by the standard error of prediction corrected for bias). Using the NIRS-predicted concentrations of ADF, NDF, and cellulose, the hemicellulose (NDF -ADF) and ADL (ADF -cellulose) concentrations were calculated for the entire set of biomass samples.
DETERMINATION OF SEED CRUDE PROTEIN CONCENTRATION
Seed subsamples from all plots were ground to a fine powder (approximately to 1 mm) using a standard coffee mill (Smartgrind CBG100S, Black & Decker, Middleton, WI), followed by the use of a mortar and pestle. All ground seed samples were scanned by NIRS in the range from 400 to 2500 nm using a NIRSystem 6500 monochromator. The WinISI III software was used to select 162 samples with spectra that contributed the most to the variability within all samples. Of these samples, 128 were randomly selected for the calibration set and the other 34 samples were used for the validation set. Samples selected for the calibration and validation sets were chemically analyzed in duplicate for crude protein (CP) concentration using elemental nitrogen analysis by combustion (Truspec Nitrogen Determinator System, Leco Corp., St. Joseph, MI) and an N-to-protein conversion factor of 6.25. The NIRS calibration equation was developed using a modified least squares regression method of the WinISI III software with the use of the previously determined chemical values and their respective spectrum. This equation for the CP concentration was successfully validated with an RPD of 3.70. This NIRS equation was then used to predict the CP concentration of all seed samples.
STATISTICAL ANALYSES
The experimental design for all experiments was a randomized complete block design with split-plot restriction and three replications. The cultivars CRS-1 and Anka were assigned to main plots and fertilization treatments to subplots. Environments and replications were considered random effects, whereas cultivars and fertilization rates were considered fixed effects. The general linear model procedure in SAS (SAS Institute, 2008) was used for data analysis. For fertilizer treatments, significance of trends (linear or quadratic) was assessed using single-degree-offreedom orthogonal comparisons (Gomez and Gomez, 1984) . Statistical significance was assumed at P £ 0.05.
INDUSTRIAL HEMP RESPONSE TO NITROGEN FERTILIZATION
Across environments and cultivars, biomass and seed yields averaged 3112 and 935 kg DM ha -1 , respectively (Table 2 ). Such seed yields are comparable to those reported in Western Canada; however, the biomass yield we observed was lower than the average biomass yield of approximately 6000 kg DM ha -1 reported in Western Canada (AAFC, 2007; Beaulieu and Doucet, 2013) . Responses to N fertilization were observed for most attributes, including biomass and seed yields. The presence of a significant environment ´ fertilization interaction, however, reflected differences in the magnitude of plant response to N fertilization in different environments.
Biomass yield response to N fertilization rates was positive in all environments, increments in N fertilization increasing yields within the range applied (i.e., 0 to 200 kg N ha ). Across environments, biomass yield increased from 1674 to 4209 kg DM ha -1 with the application of 200 kg N ha -1 when compared with the unfertilized control (dotted line, Fig. 1A ). In SAB12, the maximum biomass DM yield, estimated by regression, was achieved with a fertilization rate of 195 kg N ha -1 (Y = -0.0647X 2 + 25.214X + 3184; R 2 = 0.95; where Y = biomass yield and X = N fertilization level); in other environments, the maximum yield estimated by regression was greater than the maximum N rate we tested. A significant cultivar ´ fertilization interaction for biomass DM yield illustrated that while both cultivars had positive responses to N application rates, the response was greater for Anka (used both for biomass and seed production) than for CRS-1 (mostly used for seed production) (data not shown).
Seed yield response to N fertilization was also positive in all environments (Fig. 1B) . Across the four environments, seed yield increased from 519 to 1340 kg DM ha -1 with the application of 200 kg N ha -1 when compared with the unfertilized control (dotted line, Fig. 1B ). In SAB12, the maximum seed yield was reached with a regression-estimated fertilization rate of 210 kg N ha -1 (Y = -0.0262X 2 + 11.12X + 1089; R 2 = 0.91; where Y = seed yield and X = N fertilization level); in other environments a maximum could not be determined.
Plant height also responded to N application rates in all environments, the response being quadratic (Fig. 1C) . Across all environments, maximum height was reached with a fertilization rate of 150 kg N ha 
-1 at SAD13, LAN12, and SAB13, respectively. At SAB12, the N rate maximizing plant height was greater than the maximum N rate we evaluated.
Significant environment and cultivar main effects were also observed for most variables (Table 2) , both biomass and seed yields greatly differing among environments and/or cultivars. Differences between environments were greatest for seed yield, which was almost three times greater in SAB12 than in the other three environments (1802 vs. 645 kg DM ha -1 ). No difference between cultivars was observed for seed yield but biomass yield was 83% greater with Anka than CRS-1, possibly because plants of the cultivar Anka were on average 30 cm taller than those of CRS-1. Consequently, Anka had a lower seed harvest index than CRS-1 (data not shown). Differences in the performance of the two cultivars can be explained by the fact that Anka is a double-use cultivar, while CRS-1 has been developed to be used predominantly for seed production. Seed cultivars are usually shorter, have a greater seed harvest index, and lower biomass DM yield; cultivar types, however, often do not greatly differ in terms of seed yield (Vera et al., 2004 (Vera et al., , 2010 .
Environment and cultivar main effects, as well as interactions of the environment with cultivar and fertilization were significant for plant density ( Table 2 ). The significant environment ´ cultivar interaction reflected that at LAN12 and SAB12, plant density was greater for Anka than CRS-1, while differences between cultivars were minimal in SAD13 and SAB13 (data not shown). Such differences could be attributable to differences in seed quality in both years of experimentation, which could have affected plant emergence. The significant environment ´ fertilization interaction reflected that plant density response to N fertilization differed depending on the environment; no clear trend, however, emerged. For example, N fertilization increased plant density in LAN12, whereas it decreased it in SAD13 (data not shown).
Nitrogen fertilization also affected hemp composition, fertilization main effects being observed for biomass cellulose and hemicellulose concentrations, as well as for seed CP concentration (Table 2 ). Linear and quadratic effects of N fertilization rate were significant for biomass hemicellulose and seed CP concentrations. Across environments and cultivars, biomass hemicellulose concentration was increased by N fertilization within the range evaluated, but the increase was biologically insignificant because hemicellulose concentration increased from 117 to 123 g kg -1 DM ( Fig. 2A) . Similarly, changes in biomass cellulose concentration caused by N fertilization were minimal and biologically insignificant (data not shown). A significant cultivar ´ fertilization interaction was observed for biomass hemicellulose concentration (Table 2) , the cultivar Anka having a gradual increase in hemicellulose concentration as N fertilization levels increased, whereas no clear trend was observed for CRS-1 (data not shown). Finally, the environment ´ fertilization interaction was significant for biomass cellulose and ADL concentrations. Biomass cellulose concentration decreased at 150 and 200 kg N ha -1 in SAB12 and SAB13, while no consistent trend was observed in LAN12 and SAD13. In addition, whereas biomass ADL concentration responded positively to increasing N fertilization levels at SAB12 and SAB13, an opposite response was observed at LAN12 and SAD13 (data not shown).
The presence of an environment ´ fertilization interaction for seed CP concentration reflected that response to N fertilization varied depending on the environment (Fig. 2B) . Across environments, the application of 200 kg N ha -1 increased seed CP concentration from 221 to 238 g kg -1 DM, when compared to the unfertilized control (Y = 0.0005X 2 -0.0133X + 221; R 2 = 0.96; where Y = seed CP concentration and X = N fertilization level (dotted line, Fig. 2B ). Increments in N fertilization level increased seed CP concentration in all environments, except in SAD13, where fertilization between 0 and 100 kg N ha -1 reduced seed CP concentration while fertilization increments above 100 kg N ha -1 increased concentrations. A cultivar main effect for seed CP concentration reflected that CRS-1 had an average CP concentration greater than Anka (234 vs. 223 g kg -1 DM). A significant cultivar ´ fertilization interaction also illustrated that CRS-1 was slightly more responsive to N fertilization than Anka across environments (data not shown).
Environment main effects were significant for cellulose, hemicellulose, and ADL concentrations in biomass, whereas a cultivar main effect was only observed for ADL concentration (Table 2) . These effects were, however, minimal and generally biologically insignificant. A significant environment ´ cultivar interaction for biomass ADL concentration did not illustrate any particular trend when comparing cultivars across environments (data not shown).
The positive response of hemp biomass and seed yields to N fertilization we observed is in accordance with previous reports (Struik et al., 2000; Vera et al., 2004 Vera et al., , 2010 Mihoc et al., 2013) . Research to date on the effects of N fertilization on biomass or seed composition is limited, but it was previously reported that N fertilization may have limited effects on biomass composition (Thomsen et al., 2005) . Our results support this observation, as while we observed quadratic responses of biomass hemicellulose and seed CP concentrations to N fertilization rates, these responses were biologically insignificant.
In our study, for most variables and environments, although the response to N fertilization was overwhelmingly positive, in many instances no plateau or maximum response level was reached ( Fig. 1 and 2) . Therefore, it was not possible to determine an optimal N fertilization level for either industrial hemp yields or biomass or seed composition. In contrast, in Saskatchewan, Vera et al. (2010) reported that across nine environments and two cultivars, biomass and seed yields were maximized with N fertilization applications of 150 kg N ha -1
. Possible reasons that might explain the absence of a plateau or maximum in our observed responses of industrial hemp to N could include application rates that were too low or an inefficient plant N uptake associated with the use of calcium ammonium nitrate as the source of N. It is possible that a certain proportion of the N fertilizer applied was loss either through volatilization or leaching. At three sites in Europe, Struik et al. (2000) also failed to observe a maximum or plateau in the response of industrial hemp biomass yield with N fertilization rates ranging from 140 to 220 kg N ha -1 . Current recommendations for industrial hemp N fertilization in Western Canada range between 100 and 150 kg N ha -1 (Vera et al., 2004 (Vera et al., , 2010 ; our results suggest that in the province of Québec, N should be applied at higher levels. This conclusion is supported by Vera et al. (2010) , who hypothesized that greater N fertilization rates might be required for industrial hemp production in more humid environments than those in Western Canada. The evaluation of hemp response to N application rates above 200 kg N ha -1 in the typically more humid environments characteristic of Eastern Canada will, however, be required before definite recommendations can be made locally.
INDUSTRIAL HEMP RESPONSE TO PHOSPHORUS FERTILIZATION
Phosphorus fertilization had very limited effects on the five agronomic variables investigated (Table 3 ). The only response observed involving fertilization consisted in a cultivar ´ fertilization interaction for plant height. While plant height of Anka was consistently greater than that of CRS-1, response of individual cultivars to P differed with no clear trend emerging (data not shown). Inconsistent industrial hemp response to P fertilization has previously been reported (Vera et al., 2010) . It was previously stated that hemp response to P may vary depending on growing conditions (Vera et al., 2004) .
Phosphorus also had very limited impact on biomass and seed composition (Table 3) . A P fertilization main effect was observed only for biomass cellulose concentration. Although differences between P levels were overall minimal, 50, 75, and 100 kg P ha -1 increased cellulose concentration compared with rates of 0 and 25 kg P ha -1 (data not shown). The environment ´ cultivar ´ fertilization interaction was significant for hemicellulose. Hemicellulose concentration in hemp biomass was overall greater in LAN13, but differences between cultivars and fertilization rates were inconsistent (data not shown).
There was no phosphorus fertilization main effect for CP concentration. This lack of response has previously been reported (Vera et al., 2004; Izsáki and Iványi, 2004) . There was, however, a three-way interaction (environment ´ cultivar ´ fertilization) interaction for seed CP concentration, which reflected that in one environment (i.e., SAD13), CRS-1 tended to respond positively to an increase in P fertilization whereas Anka responded inversely. The response of the two cultivars to P was inconsistent in the other environments (data not shown).
Environment and cultivar main effects as well as environment ´ cultivar interactions were significant for many variables. Differences between cultivars were generally similar to those reported for the N experiment, and environment main effects again demonstrated that variables we studied were overall affected by environmental conditions (data not shown).
The general lack of response to P is in agreement with previous studies that also reported a minimal response of industrial hemp to P (Vera et al., 2010) . Also, it is possible that the relatively limited response to P we observed could be partly due to high initial P levels in all environments used in our study (Table 1) . Indeed, soil P levels at the onset of experimentation in all environments ranged between 102 and 192 kg P ha -1
. With such levels, local P fertilization recommendations for most grain crops are minimal ranging between 0 and 15 kg P ha -1 (CRAAQ, 2003) . It thus appears that in soils with high initial soil P levels, P fertilization will not benefit industrial hemp production.
INDUSTRIAL HEMP RESPONSE TO POTASSIUM FERTILIZATION
Potassium fertilization had no effect on biomass or seed yields (Table 4 ). This observation is in accordance with the literature which reported an absence of K fertilization effect on hemp biomass and seed yields (Finnan and Burke, 2013) . Significant environment ´ cultivar ´ fertilization interactions were observed for plant height and plant density; however, examination of the data did not reveal any particular trend (data not shown).
A main effect of K fertilization was only observed for biomass cellulose concentration, the positive response being linear (Y = 0.0208X + 588; R 2 = 0.19; where Y = biomass cellulose concentration and X = K fertilization level). The environment ´ fertilization interaction was Table 3 . Analysis of variance of agronomic and composition attributes of two industrial hemp cultivars (Anka and CRS-1) fertilized with different levels of phosphorus (0, 25, 50, 75, and 100 kg P ha -1 ) and grown in three environments in the province of Québec, Canada. significant for hemicellulose and ADL concentrations, whereas the environment ´ cultivar ´ fertilization interaction was significant for hemicellulose concentration. Concentrations varied across environments, and the effect of K fertilization rates was too inconsistent to establish any trend (data not shown). Cultivar and environment main effects as well as the environment ´ cultivar interaction were significant for several variables. Differences between cultivars in terms of biomass yield, seed yield, harvest index, and height were generally similar to those reported for the N and P experiments, while environment main effects again demonstrated that variables we studied were overall affected by environmental conditions (data not shown).
Although there have been very few studies that investigated industrial hemp response to K, the overall lack of response to K we observed is in agreement with previous studies, which also reported a minimal response to K (Finnan and Burke, 2013; Iványi and Izsáki, 2009 ). As stated for P, it is possible that the relatively limited response to K we observed could be due in part to the high initial K levels in soils of the environments used in our study (Table 1) . Initial soil K levels at the onset of experimentation averaged 200 kg K ha -1 . Local K fertilization recommendations for most grain crops in soils with such initial K levels would range between 17 and 37 kg K ha -1 (CRAAQ, 2003) . It thus appears that in soils with high initial soil K levels, K fertilization will not benefit industrial hemp production.
CONCLUSIONS
Industrial hemp production in Canada is on the rise, but production in Eastern Canada currently remains limited partly because of a lack of agronomic guidance and especially because of the absence of fertilization recommendations. In multiple contrasted environments in the province of Québec, biomass and seed yields of two industrial hemp cultivars responded positively to N fertilization up to 200 kg N ha -1 , a lack of maximum or plateau being observed in most environments. These results suggest that N requirements for industrial hemp production may locally be greater than the 150 kg N ha -1 generally established for Western Canada. While biomass and seed compositions were also affected by N fertilization, the effects were minimal and generally biologically limited. Industrial hemp response in terms of biomass and seed yields and composition to both P and K fertilizations was very limited in soils with high initial soil fertility. Our results suggest that while N requirements of industrial hemp crop might be >200 kg N ha -1 in Eastern Canada, benefits of P and K fertilizations might be limited. Table 4 . Analysis of variance of agronomic and composition attributes of two industrial hemp cultivars (Anka and CRS-1) fertilized with different levels of potassium (0, 50, 100, 150, and 200 kg K ha -1 ) and grown in two environments in the province of Québec, Canada. 
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